The transition from the laminar to the turbulent regime in linearly stable shear flows, for example, pipe and plane Couette flows, occurs abruptly with no precursor. The evolution of turbulent spots has been studied to better understand the dynamics of this transition and the onset of turbulence. These studies have mostly focused on pipe flows for which a finite lifetime of spots was proven. The same conclusion was drawn in the only available study performed in a Taylor Couette setup. Here, the spot lifetime is measured in a different size TC setup. It is shown that the lifetime is indeed finite and also very sensitive to boundary conditions, but not much to perturbation mechanisms. A scaling approach is provided which suggests in addition to the Reynolds number, the aspect and radius ratios are influential parameters on the lifetime. It is found that the spot size varies during its lifetime and increases with the Reynolds number that confirms the rise in turbulence proliferation by approaching the transitional point.
Introduction
Despite all recent theoretical, experimental, and numerical developments in the field of fluid dynamics, the solution to the one million dollar Navier-Stokes equation has not been achieved yet; mathematically it is not even clear, if a three dimensional solution to the equation always exists and if so, if it contains no singularities [6] . Consequently, some basic aspects of flow like the onset of turbulence and its development are not completely understood. Turbulence significantly influences fluid mixing, heat transfer, kinetic energy loss, and other flow phenomena; thus its control is very beneficial. For example, by delaying turbulence in pipe flows, one can avoid considerable energy losses.
The transition from the laminar to the turbulent regime was first studied by Osborne Reynolds [18] who showed that the general character of the motion of fluids changes when Reynolds number, Re, reaches a critical value, Re cr . Despite his continuing effort, he was not able to find a definite Re cr . His last estimates were about Re cr = 1900, 2000. At these Re turbulence is intermittent, appearing in the form of streamwise localized structures (also called puff, spot, and patch) traveling in the downstream direction. Since then, the onset of turbulence has been numerously investigated in shear flows.
A breakthrough was made when Taylor predicted the primary flow instability from the laminar flow by applying linear stability analysis 1 to the Navier-Stokes equation [22] . In flows that are linearly unstable, the transition to turbulence is straightforward; the laminar regime becomes unstable by increasing driving force and more complex flow modes form until, after a series of sequential bifurcations, turbulence sets in [7, 8, 14] . Bénard cells and Taylor vortices are well-known examples of these instabilities in the route to turbulence in such flows.
Pipe and plane Couette flows are linearly stable at all Reynolds numbers [15, 20] . In these flows, the transition occurs abruptly at a certain Re by introducing sufficiently large finite-amplitude perturbations. Wygnanski et al. [24] examined the spatial evolution of puffs triggered by controlled localized perturbation. After formation, a puff is swept downstream with the surrounding laminar flow and temporarily grows until this oversized puff splits thereby generates a new puff and increases the turbulent fraction of the flow. Puff spitting was identified as the mechanism through which turbulence spreads by spatial proliferation and was chosen to predict Re cr [16, 24] .
Although Wygnanski et al. captured the intermittent character of turbulence, they were not aware that its temporal evolution is a stochastic process. A statistical approach was first utilized by Bottin and his collaborators [4, 5] to investigate the flow dynamics in the transitional regime. They measured the lifetime of a turbulent spot in plane Couette flow and repeated the procedure one hundred times. They found an exponential distribution of the lifetimes. All ensuing studies agreed on [3, 11-13, 17, 23] :
-statistical approach to the transitional regime, -exponential probability distribution of spot lifetime, -increase in characteristic mean lifetimes with Re.
However, they differed in their conclusions with respect to the lifetime growth with Re. While some inferred from the rapid increase of mean lifetimes that the lifetime diverges at Re cr , and thus turbulence sustains [4, 5, 11, 17, 23] , others reported a bounded lifetime and concluded a transient nature for turbulence [12, 13] . This dispute was finally settled by Avila et al. [2] whose extensive numerical investigation proved a super-exponential scaling of mean lifetimes that indicates no threshold of divergence exists.
Bounded lifetime of spots does not solely mean that turbulence is a transient state at all Reynolds numbers. First comparison of the purely temporal behavior of spots, which is reflected in the lifetimes, with their spatial dynamics (i.e. the spreading of turbulence in space) was conducted by Moxey & Barkley [16] . Based on their extensive numerical investigation, they postulated that although any individual spot has a finite probability of decay, turbulence has a finite probability of sustaining indefinitely. This was explained by the fact that the spread of turbulence is sufficiently faster than the decay of spots at Re cr . At the moment, no experimental data that support this postulation is available. Pipe and plane Couette setups are prone to entry disturbances and do not allow for long measurement times owing to their limited length (the lifetime of spots become astronomically long for high Re). Taylor Couette setup, which has a closed geometry, is more suitable to investigate the temporal and spatial behavior of spots. In case of a stationary inner cylinder, the TC flow is linearly stable for all Re [10] , and thus its results can be extended to pipe and plane Couette flows.
There is only one available study of the spot lifetime in a TC setup [3] in which a finite lifetime was reported. However, no details about the effects of parameters such as perturbation mechanisms (global or local), geometrical properties, and boundary conditions were provided. In the current work, the spot lifetime is reexamined. Influential parameters on the lifetime are specified and their impacts are investigated. Considering their effects, a scaling approach is suggested which results in a more general representation of the lifetime in TC flows. The spot size is also measured at several Re to investigate its spatial evolution.
Materials and Methods

Geometry of setup
The experimental apparatus (as shown in Fig. 1 ) consisted of two vertical concentric cylinders made of plexiglass with the inner and outer radii of r i = 110 ± 0.05 mm and r o = 120 ± 0.05 mm (thus a gap size of d = 10 mm). Both cylinders were connected to two independent Brushless DC motors (Maxon, 250W) and a maximum frequency of 10 Hz with an absolute precision of ±0.01 Hz. The outer cylinder was attached to the top and bottom plates with a gap of 1.5 mm between the end surfaces of the inner cylinder and the plates. The height of the inner cylinder was L = 220 mm. Two non-dimensional numbers are defined (as summarised in Table 1) : the aspect ratio = L/d and the radius ratio η = r i /r o . Consistent with the previous study [3] , the Reynolds number is described as Re = r o o d/ν, with o and ν as the angular velocity of the outer cylinder and the kinematic viscosity of fluid respectively.
Perturbation mechanism
In this setup, the abrupt transition occurred at Re cr ∼ 6000 2 , and hence, lifetime measurements were conducted for Reynolds numbers below this value. First, laminar flow was generated by slowly accelerating the outer cylinder up to a certain frequency (corresponding to the desired Reynolds number) while the inner cylinder was at rest. After reaching this frequency, the system was allowed to run for 100 sec. In order to create a turbulent spot, two different mechanisms were deployed: Global Perturbation and Local Perturbation (hereafter GP and LP). GP was introduced by sudden counter rotation of the inner cylinder (at a frequency of 0.65 Hz) for 3 sec. As mentioned in Section 1, as long as a spot is created, its lifetime does not depend on the strength or duration of perturbation. Thus, in all experiments, the flow was disturbed by the same frequency. LP was imposed on the mean flow by simultaneous injection and suction of water (in the radial direction) for 1 sec through two 0.9 mm holes located on the half height of the inner cylinder.
Flow visualisation and image processing
Distilled water was used as working fluid with a viscosity of ν = 1.004 × 10 −6 m 2 /s (at a temperature of T = 20 • C). To visualise flow patterns, Iriodin pigments (Iriodin 121) were mixed with water at a concentration of 0.7 % volume (the viscosity of the mixture was measured and found to be the same as that of water). When these pigments are put into motion, they are aligned with their larger dimensions parallel to the planes of shear (similar 2 Re cr in the setup was measured as follow: the laminar flow was generated at the outer cylinder frequency of 0.53 Hz (corresponding to Re = 4000) while the inner cylinder was at rest. The system was allowed to run for 100 sec (∼1 radial diffusion times t d = d 2 /ν) to rule out any disturbance. If the flow became turbulent after this time, the Reynolds number was considered as the critical one, otherwise, the frequency of the outer cylinder was increased by 0.01 Hz, and the flow was checked again. This procedure was repeated till the transition to turbulence took place. to platelets in Kalliroscope flakes [21] ). In the presence of incident light, areas of varying alignment (caused by the turbulence) reflect different intensities of light as seen in Fig. 2 . The fluid was illuminated by exposing the cylinders to white halogen light from a projector. Straight illumination of the curved geometry led to a specular reflection. Therefore, an angle of 45 degrees between the projector and the axis of the cylinders was chosen (as depicted in Fig. 1) . A CCD camera with a frame rate of 10 Hz and a resolution of 500 × 2800 pixels (corresponding to 37.5 mm width × 200 mm height in physical space) was used to capture the reflection. Each image, defined as a matrix I , was subtracted and normalised by the average of one hundred images taken from the laminar flow, I avg , in order to obtain a filtered image, I f il = (I − I avg )/I avg . Among different properties of the filtered image, standard deviation σ was found to be the most evident indicator for the spot existence. This is shown in Fig. 3 where the disappearance of a spot results in a considerable drop in the signal amplitude at t = 205 sec. σ was calculated for each image and compared with a threshold obtained from σ of a fully turbulent flow. If it remained smaller than the threshold for 40 consecutive images (corresponding to 4 sec), the last image with σ higher than the threshold was chosen as the final spot location. The 4 sec waiting period was chosen to ensure that even at the lowest Re, a spot had sufficient time to complete a full round. The accuracy of this approach was visually verified with a stopwatch at random.
The size of spots was calculated as follow: in order to avoid dark corners, a narrow strip from the centre of an image matrix was cut out, I strip , and then filtered:
Pixels with α ≥16 were specified as turbulent regions while the rest as the laminar background. This threshold was found to be the optimum point for the signal-to-noise ratio function F defined as:
where R L and R T are the percentages of the laminar and turbulent pixels in a fully laminar and a fully turbulent flow respectively (as displayed in Fig. 4) . Finally, consecutive strips were attached to each other and the spot was fully reconstructed.
Results and Discussions
Spot lifetime
In order to create a spot, GP was applied. During GP, turbulence occupied the whole geometry (as shown in Fig. 5a ). Immediately after stopping the inner cylinder, the turbulence was collapsed into a narrow ring below the top plate (Fig. 5b) . From then on, depending on unmeasured circumstances, one of the following scenarios occurred: either the turbulent ring vanished within almost 18 sec and the flow became completely laminar, or it transformed to a spot with a tilted shape mostly extended up to the top plate. The spot rotated with the flow for some time, and then suddenly disappeared without any precursor. The lifetime experiment was repeated 100 times for each Reynolds number. 3 The cumulative probability distribution (that is the probability of the existence of the spot with time) is illustrated in Fig. 6 for several Reynolds numbers where all curves show a salient feature: after an initial time during which the spot forms, the distribution has an exponentially decaying tail. The probability was described as an exponential function of the time and Reynolds number, P (t, Re) ∼ exp(−(t)/τ (Re)), where τ is the mean characteristic lifetime. This distribution is consistent with those of previous investigations [3-5, 11-13, 17, 23] .
It was also observed that the characteristic lifetime grew by increasing the Reynolds number. From various functions suggested by Hof et al. [12, 13] , it was found that the superexponential function, τ (Re) −1 = exp(−exp(aRe + b)) with a = 2.01 × 10 −3 and b = −7.36, results in the most accurate fit a regression coefficient of 0.98. This demonstrates that for the studied range the characteristic lifetime increases with Reynolds number faster than exponentially, but does not diverge to infinity.
As mentioned earlier, the spot was mostly attached to the top plate during its lifetime. This might be due to disturbances caused by air bubbles being stuck in the top gap during the filling of the setup, or due to secondary flows causing the spot to drift upwards. The geometry was modified to enhance bubble release and to reduce secondary flows by inserting an extra ring (as depicted in Fig. 1) . Hereafter, the setup with and without modifications are referred to as improved design and original design.
In the improved design, the vortex ring mostly formed near the bottom after GP, and the spot randomly travelled over the whole height. Moreover, the characteristic lifetime was considerably decreased due to the removal of unwanted disturbances (either induced by secondary motions or wakes behind the stuck air bubbles). The question remains about the change in the location of the vortex ring from the top to the bottom of the geometry and the possible effects of the spot formation location on the lifetime. To eliminate these effects, the measurement was repeated with the flow being locally perturbed (as explained in Section 2.2). Consequently, no ring was shaped, and the spot was formed at the middle height of the geometry. inconsequential. This is consistent with previous findings in pipe and plane Couette flows [3, 11-13, 17, 23] . In order to explain the disparity between spot lifetimes in the current and previous study (as displayed in Fig. 7 ), a scaling approach was suggested. Characteristic lifetimes were scaled based on the geometrical properties ( and η) and Re cr of the setups. Advection time unit, t a = d/r o o , was identified as another relevant scaling parameter since it translates the total lifetime period to the total number of rotations. By choosing these parameters, the scaled results were coincided as shown in Fig. 8 . It is noteworthy that Re cr itself is dependent on η (Dubrulle et al. [9] ). As suggested by Richard and Zahn [19] , Re cr can be described as Re cr = 1400 + 550000(1 − η) 2 . Therefore, the spot decay is a function of Re,
, and η whereas in pipe and plane Couette flows it only depends on Re.
Spot size
As opposed to pipe flows where puffs have a fixed size for Re < Re cr [16] , the spot size fluctuated during its lifetime (Fig. 9) ; it shrank, expanded, and splitted to smaller spots which often merged again. It was observed that the spot had a rather constant width in the streamwise (azimuthal) direction, but its height changed significantly in the spanwise (axial) direction. The average spot size, from generation to disappearance, was used as an indicator to examine the turbulence spread. As Re increased, the average size grew (Fig. 10 ) and more frequent splitting was observed. At Re > 5000, the height of the enlarged spot was almost as the height of the cylinder and thus largely impacted by the end boundaries. As discussed in Section 1, to determine the onset of sustained turbulence two factors should be considered: the decay of individual spot and the spatial proliferation of turbulence. Spots had a finite probability of decay as mentioned in previous section. In the studied range of Re (that was limited by the height constraint), no transition from the laminar regime with a localized spot to a spatio-temporally intermittent flow, where probability of proliferation exceeds decay [16] , took place. Therefore, no conclusion can be made with respect to the onset of sustained turbulence. 
Conclusion
In the current work, the lifetime of turbulent spots in a Taylor Couette flow with stationary inner cylinder has been studied. Effects of three parameters, namely, boundary conditions, perturbation mechanisms and geometrical properties, on the lifetime were examined. It was shown that the lifetime is considerably impacted by the end boundaries through either introducing unwanted disturbances (e.g. generated by stuck air bubbles) or imposing a secondary flow in the gap. Thus, special attention is required to avoid any adverse geometrical configuration close to the boundaries. In order to eliminate the secondary flow, a setup with stationary end plates should be deployed.
Two perturbation mechanisms (local and global) were tested. Consistent with the results obtained in pipe and plane Couette flows [3, 11-13, 17, 23] , the lifetime did not depend on the perturbation as long as it was created. A scaling approach was proposed to accommodate for the effects of geometrical properties on the lifetime. It was demonstrated that after scaling, the mean characteristic lifetimes coincided with those of the previous study [3] . Hence, in addition to Reynolds number, the spot decay is a function aspect ratio and radius ratio. This means that the spot decay needs to be described in its scaled form to reveal useful information with respect to the spot temporal evolution. In order to verify the scaling approach, it is suggested to repeat the lifetime measurement in a flexible setup such as the one designed by Avila & Hof [1] which provides the possibility of testing in several geometrical configurations.
Consistent with the previous findings in pipe and place Couette flows [2, 4, 5, 11, 17, 23] , spots had a finite lifetime. The size of a spot varied randomly during its lifetime in contrast with puffs in pipe flows that maintain their size for Re < Re cr [16] . The average spot size increased with Re and reached almost a quarter of the total flow area for Re ≈ 5000. For the studied range of Re which was limited by the height constraint, no transitional point to a spatio-temporally intermittent flow was observed. To determine the onset of turbulence, where the spread of turbulence is sufficiently faster than the decay of spots, it is suggested to examine the spatio-temporal behavior of spots for a wider range of Re in a setup with a much larger aspect ratio.
